Electrophysiological
analysis of cultured neurons provides a potential approach toward understanding the physiological defects that may contribute to abnormal behavior exhibited by mutants of the fruit fly Drosophila.
However, its application has been restricted by an inability to identify a particular functional or anatomical subpopulation of neurons from the CNS. A large number of Drosophila mutants have been isolated based on defects in various types of behavior such as locomotion, mating, learning, and memory (Benzer, 1973; Hall, 1982) . The molecular nature and expression pattern of many of these mutated genes have been characterized. For instance, mutants dunce (dnc) and rutabaga (rut) have been isolated based on their abnormal performance in a classical conditioning paradigm (for reviews, see Dudai, 1988; Davis, 1993) . Although dnc, encoding a phosphodiesterase, and rut, encoding an adenylyl cyclase are expressed throughout the fly, both are expressed at high levels in the mushroom body, an anatomic region considered as a center for olfactory related learning in insects (Davis, 1993; deBelle and Heisenberg, 1994) . Genetic or pharmacological ablation of this region abolishes the olfactory-associated learning and memory. (Heisenberg et al., 1985; deBelle and Heisenberg, 1994) . Despite two decades of genetic, molecular, anatomical, and behavioral analyses of learning and memory mutants, it has not been possible to determine the functional defects of these learning and memory mutants in the CNS, particularly in mushroom body neurons. A large part of the problem has been due to the difficulty in recording from the small Drosophila brain and neurons composing it. As an alternative but indirect approach, analyses of neuromuscular junctions have demonstrated that synaptic facilitation, posttetanic potentiation, activity-dependent synaptic arborization and modulation of muscle membrane K+ currents are altered in dnc and rut mutants Wu, 1991, 1993; Zhong et al., 1992) . Patch-clamp analysis of cultured neurons has provided a potential approach for the study of some aspects of the CNS physiology of Drosophila. Membrane currents in embryonic (Byerly and Leung, 1988; O'Dowd and Aldrich, 1988; O'Dowd et al., 1989; Saito and Wu, 1991) , larval (Sun and Wu, 1985; Sole et al., 1987; Sole and Aldrich, 1988) , and pupal neurons (Baker and Salkoff, 1990) have been examined in culture, but a particular subpopulation of neurons were not identifiable. The present work describes a preparation which allows us to identify fluorescently stained mushroom body neurons in acutely dissociated larval CNS cultures and to patch clamp these neurons. We used a Drosophila enhancer-detector line that expresses a ZacZ reporter gene almost exclusively in mushroom body neurons to identify these neurons in culture. These transgenie flies are generated by introducing a piece of foreign transposable DNA that carries a 1acZ reporter gene into the host genome while the expression of the ZacZ gene is determined by its position in the host DNA Wilson et al., 1989) . Our patch-clamp analysis of the physiological and pharmacological properties of voltage-activated K+ currents in these identified neurons demonstrated that the expression of the 1acZ gene and the subsequent staining do not alter significantly the different types of K+ currents. Interestingly, these K+ currents can be modulated by CAMP-dependent mechanisms. Thus, our approach promises to contribute to a better understanding of electrophysiological defects in the CNS of learning and memory mutants.
Materials and Methods
Fly stocks. Stocks of Drosophila flies were maintained on standard media at room temperature (19-22°C). In this study the strains Canton S (as wild type) and enhancer trap bne 221 were used. The strain 221 has been isolated in R. Davis laboratory. X-Gal staining has shown that the expression of the reporter gene 1ucZ is almost exclusively in both the adult and larval mushroom body (R. Davis, personal communication; also see Fig. 1 ).
Cell culture. The larval CNS culture was adapted from the method described by Wu et al. (1983) . After dissection and washing, tive brains and ganglia were pooled in the "divalent cation free" Drosophila normal salme (see below) contammg collagenase at a concentration of 0.5 mg/ml (Sigma, type la) for l-2 hr at room temperature. The softened tissue was then passed gently through the tip of a beveled pipette tip 50 times in order to completely dissociate the cells. The resulting suspension was then centrifuged for 2 min at 3750 rpm. 
Results

Mushroom body neurons identijed in lurvul CNS cultures
The adult fly and third instar larval mushroom body consists of about 2500 neurons and is located in the dorsal and posterior cortex of each brain lobe (Technau and Heisenberg, 1982) . The enhancer-detector line 221 (isolated in R. Davis' laboratory, Baylor University) used in this study expresses the 1acZ gene almost exclusively in both adult and larval mushroom bodies (R. Davis, personal communicatton). Figure 1A shows the 1acZ
The Journal of Neuroscience, expression pattern in the larval CNS of enhancer detector line 221. The staining is almost exclusively localized in the region of the mushroom body. This transgenic strain does not exhibit any significant defects in the structure of the mushroom body (Davis, personal communication) . When the larval CNS is dissociated in culture, individual mushroom body neurons can be identified by fluorescent staining. The larval CNS culture has been well established (Wu et al., 1983; Kim and Wu, 1987; Sole and Aldrich, 1988) . A major modification from the previously described culture protocols was the application of a half to one minute hypotonic shock to the dissociated cells in order to load the fluorogenic substrate 5-chloromethylfluorescein di-P-D-galactopyranoside (CMFDG, Molecular Probes Inc.) of P-galactosidase (see Materials and Methods). Chloromethylfluorescein becomes fluorescent after cleavage from CMFDG by P-galactosidase activity in cells that express the 1acZ gene. Four hours after plating, the fluorescence was strong enough to be visualized in the cell body ( Fig.  1B ) and could last for over 20 hr. About 5% of the cells were stained in the larval CNS cultures of 221 which is comparable to the fraction of mushroom body neurons in the whole CNS. The morphology of these marked mushroom body neurons varies and their diameters range from 3 to 12 p,m (also see Fig.  5 ). In the early stages of these cultures (4-6 hr) most of the stained neurons appear to be spherical in shape although small mono-and multipolar cells are also seen (Fig. 1B) . As a control, the wild-type CNS cultures did not show any appreciable fluorescence when treated similarly (data not shown). The cell density was estimated to be around lo-Vml which agrees with the recommendation of Fiering et al. (1991) to minimize the possible accumulation of fluorescent product in the medium.
Neurons subject to treatment by hypotonic shock and loaded with the fluorogenic substrate of &galactosidase were still able to develop in culture (Fig. 2) . Axonal outgrowth and branching Qpe 1 includes those with kinetics similar to that shown in the top two rows in A. Type 2 represents those with kinetics similar to that shown in the bottom row in A. Ten representative recordings of each current type in each category were analyzed. The maximum, minimum and in these treated neurons exhibited a similar pattern and time course to those in the regular cultures (Fig. 2) . Extensively branched processes produced by treated neurons could be observed in 7 d old cultures. In general, the treated cultures appeared to contain a slightly reduced number of surviving neurons. This was seen more clearly in older cultures. However, the membrane physiology examined in acutely dissociated neurons exhibited no significant differences among untreated, treated but unmarked and marked neurons.
Whole-cell K+ currents in acutely dissociated CNS neurons The characterization of the whole-cell membrane currents in acutely dissociated larval CNS neurons (4 hr after plating) showed that the types of currents and their properties are very similar to those observed from larval CNS neurons in up to week old cultures (Sole et al., 1987; Sole and Aldrich, 1988) . There appeared to be no appreciable voltage-activated Na+ currents expressed in the soma of these neurons even after blocking out the most K+ currents by internal perfused cesium (data not shown). Occasionally, a small sustained inward current was observed with voltage steps in the range of -30 to -50 mV, which is probably a Ca*+ current (Sole et al., 1987; Sole and Aldrich, 1988) . Therefore, we could examine the K+ currents in isolation without having to block any inward currents. These whole-cell K+ currents exhibited a range of peak amplitudes from less than 100 pA to over 2 nA and large variations in inactivation time courses. However, recordings from over 200 neurons in acutely dissociated cultures indicated that all whole-cell K+ currents contain transient components. This is different from those observed in week old cultured neurons in which a small fraction of neurons showed only noninactivating K+ currents (Sole and Aldrich, 1988) . In order to asses any possible effect of the treatment by hypotonic shock and the P-galactosidase substrate as well as the expression of P-galactosidase on membrane currents, a comparison was made from recordings of 68 untreated, 87 treated put not stained, and 115 stained neurons (for representative examples, see Fig. 3A ). The results indicate that the three groups exhibit a similar range of variation in amplitude (Fig.  3B ), time course of activation and inactivation, voltage dependence of activation and inactivation, reversal potentials and sensitivity to the drugs 4-aminopyridine (4-AP) and tetraethylammonium (TEA). In particular recordings of the fastest transient K+ currents, termed A, by Sole and Aldrich (1988) which appeared the most labile under these recording conditions, could persist for up to 30 min which is similar to those seen in regular cultures. This suggests that the staining did not significantly affect neuronai membrane physiology, certainly as far as voltage-sensitive K+ currents are concerned. In the following sections we will focus on the characterization of these voltage-sensitive K+ currents recorded from stained mushroom body neurons.
Heterogeneity of K+ currents in mushroom body neurons Potassium currents recorded from all stained neurons contained at least some inactivating components. Analysis of the decay t mean peak amplitudes of each category are presented. There is no significant difference in the distribution of the current amplitude among untreated, treated but unmarked and stained neurons. These examples are chosen from over 250 recordings. phase of these inactivating components allowed us to classify the whole-cell currents recorded from marked neurons into two basic types. Type 1, as shown in Figure 4A , consisted of those whose inactivating components exhibited a slower time course and the decay phase could be fitted by a one component exponential curve (not shown). Type 2 consisted of principally a rapidly inactivating and a noninactivating component (Fig. 4C) . Recordings from over 100 stained neurons resulted in roughly equal numbers of each type. The distributions of the decay-time constants of the type 1 current and the two components of the type 2 current are plotted respectively in Figure 5 .
The reversal potentials for the inactivating components of
The Journal of Neuroscience, February 1995 , 75(2) 1029 both types are similar at about -70 to -90 mV (see Fig. 4B ), which is typical for transient K+ currents (Sole and Aldrich, 1988; Baker and Salkoff, 1990) . Current-voltage (Z-V) curves shown in Figure 4A illustrate the voltage dependency of both activation and steady-state inactivation of type 1 currents. Each curve represents recordings from a single identified neuron. In these Z-V curves, the amplitude of the peak current at each voltage step is normalized to that of the largest amplitude (elicited by the +50 mV step) in all the data presented. It can be seen from these cur,ves that these currents are activated at around -60 to -40 mV. The variation in the voltage dependency of the steady-state inactivation is more extensive than that observed in the voltage dependency of activation. The 50% values of the steady-state inactivation range from -80 to -50 mV. From the representative examples shown in both Figure 4 , A and C, the variation in voltage dependency of peak current of both activation and inactivation of type 2 currents is almost identical to that seen in type 1 currents. The cell diameter and whole-cell membrane capacitance also showed a similar range of values in either type of neuron (Fig. 6 ).
As can be seen from Figure 6 , the peak current density could vary tremendously among neurons exhibiting type 1 or type 2 currents. Again, a similar range of variation is observed in neurons exhibiting either current type.
Physiological and pharmacological separation of the different components of voltage-activated K* currents The above analysis is based on the characteristics of the transient components. Further analysis indicates that each whole-cell current is made up of at least two components, one transient and another noninactivating, in both type 1 and type 2. These components can be at least partially separated by both physiological and pharmacological methods.
As shown in Figure 7 , the transient K+ current elicited by a voltage step from a holding potential of -80 mV, via a 1 set prepulse of -100 mV to minimize voltage-sensitive inactivation, to +20 mV is almost completely inactivated when the prepulse is changed to -30 mV. A sustained, noninactivating components was then revealed. The amplitude of this noninactivating component varies from neuron to neuron. The distribution of the amplitudes of such noninactivating K+ currents of 32 representative examples of both type are shown in a scatterplot (Fig. 7) . This demonstrates that the variation in the amplitude of the noninactivating component is similar in neurons exhibiting either type of whole-cell current. The existence of such noninactivating K+ currents was also further supported by pharmacological studies.
When 10 mM 4-AP, a drug that can block transient K+ currents (Sole and Aldrich, 1988) , was pressure-ejected from a micropipette onto patched neurons, the transient current in type 2 neurons was completely abolished (Fig. 8) . A minute after the drug application, the transient current could be seen to recover fully in most cases. In contrast, the same concentration of 4-AP only slightly reduced the type 1 current (Fig. 8) . Conversely, a 10 mM concentration of another K+ channel blocker TEA (Sole and Aldrich, 1988 ) strongly inhibited the type 1 current while the type 2 current appeared to be relatively unaffected (Fig. 8) . However, the component inhibited by TEA appeared to be a slowly inactivating current (see Subtraction in Fig. 8 ). As shown in the bottom traces (Fig. 8) , the combined application of 10 mM 4-AP and 20 mM TEA blocked a large portion of both type 1 and type 2 whole-cell currents while leaving a drug-insensitive, noninactivating component (Fig. 8) . The size of this insensitive component is comparable to that of the noninactivating component retained in response to the -30 mV prepulse inactivation described above. Further studies confirmed that the drug insensitive component could not be inactivated by a prepulse to -30 mV. Therefore, there is a sustained K+ current that is insensitive to both 4-AP and TEA and is not inactivated by depolarization to -30 mV in addition to the transient components found in both type 1 and type 2 neurons.
CAMP-dependent modulation of K+ currents
Since several genes encoding components of the CAMP cascade are preferentially expressed in the mushroom body (Davis, 1993) , we therefore examined whether K+ currents recorded from identified mushroom body neurons are subject to CAMPdependent modulation. Figure 9 reveals that both type 1 and 2 currents can be modulated by application of 8-bromo CAMP, a membrane permeable CAMP analog.
Five micromolar 8-bromo CAMP was applied by pressure ejection via a microelectrode placed near the patched neuron. To observe the modulation, the whole-cell current was recorded immediately after ceasing perfusion of 8-bromo CAMP. Perfusion was usually for lo-60 sec. As compared to the control which was recorded prior to perfusion of 8-bromo CAMP, the amplitude of type 1 current is markedly reduced (Fig. 9A) . Figure 6 . The distribution of cell diameters and current density in type 1 and type 2 neurons. Lefl, I-V curves of peak type 1 and type 2 current density in identified mushroom body neurons. Examples of 15 type 1 and 17 type 2 currents are shown which cover the whole range of variations observed from over a hundred recordings. The peak currents were normalized to the whole-cell capacitance to determine the current density. The voltage paradigm was the same as that shown in Figure 4 .
Right, The distribution of the range of whole-cell membrane capacitance and cell body diameter in identified mushroom body neurons. Data from 23 type 1 and 17 type 2 identified neurons is shown. Cell diameter was measured by using a calibrated graticule. Membrane capacitance was read directly from the Axopatch 200A after manual compensation achieved by monitoring a test pulse at subthreshold membrane voltages. The distribution is similar for cells exhibiting both types of whole-cell current.
the lower panel in Fig. 9A) . The modulation appears to be voltage dependent, for example, the reduction in the amplitude is stronger at lower membrane voltages. Thus, the threshold of activation of type 1 current is shifted by about +40 mV (Fig.   9B ). All type 1 currents examined (n = 9) responded to application of 8-bromo CAMP in a very similar way. The current was normally seen to recover 24 min after stopping perfusion of 8-bromo CAMP (Fig. 9A,C) .
Perfusion of 10 mu CAMP also reduced type 1 current (data not shown), but the reduction was much less as compared to that induced by 5 mM 8-bromo CAMP. This is probably due to reduced membrane permeability of CAMP as compared to 8-bromo CAMP.
The modulation of type 2 current is not as profound as that seen in type 1 current (see Fig. 9C ). In most cases examined, the sustained component appears not to be altered by application of 8-bromo CAMP while the transient is only slightly reduced in the amplitude. A representative example (all four type 2 neurons examined responded similarly) is presented in Figure 9C . currents elicited by a test pulse (+20 mV) could be inactivated by a 1 second prepulse to -30 mV while a sustained component remained.
The maximum amplitude of this sustained component is presented in the scatterplots from 17 type 1 and 15 type 2 neurons. This data suggests that almost all the identified neurons express a noninactivating, sustained K+ current. The amplitude of this component as revealed by prepulse inactivation ranges from 0 to 250 pA and the distribution is similar for neurons expressing either type of current.
Recovery is normally observed soon after ceasing the perfusion (within 120 set).
Discussion
A preparation for studying genetically marked neurons The above experiments describe a preparation developed for studying identified Drosophila CNS neurons in acutely dissociated culture. A previous report has shown that Drosophila embryonic neurons expressing 1acZ can develop normally in culture after isolation by means of similar fluorescent staining (Krasnow et al., 1991) . To determine whether the hypotonic shock and the loading of the P-galactosidase substrate disrupt the K+ channel physiology, we compared recordings from neurons in regular cultures with those subject to the treatment. It was demonstrated that the range of amplitudes, the kinetics, the voltage dependency of activation and inactivation, the drug sensitivity and the CAMP-dependent modulation of whole-cell K+ currents were very similar in all three groups of cultured neurons: regular cultured, treated but unstained, and stained neurons (see Fig. 3 ). Furthermore, the type of K+ currents and their properties observed in stained neurons (see are also very similar to those recorded from week old neurons in regular culture (Sole and Aldrich, 1988 ; also see next section). To verify further whether the insertion of a P-element enhancer detector in 221 induces mutation that affects these K+ currents, stained neurons from the heterozygous 221 strain were also examined, which indicated no significant difference from that of the homozygous (data not shown). We therefore conclude that P-galactosidase staining does not appreciably alter the voltage-activated K+ currents of these neurons. In addition, our preliminary data indicated that not only the CAMP-dependent modulation but also neuropeptide-induced modulation of the K+ currents was similar for both the control and stained neurons (Wright and Zhong, unpublished data) . This suggests that the potassium channels, their modulations and signal transduction mechanisms seem to remain functionally intact in neurons subjected to this technique. Since acutely dissociated neurons are used, this method should be applicable to the analysis of embryonic, pupal, and possibly even adult neurons of Drosophila.
A large number of Drosophila enhancer detector lines have been isolated in which various patterns of 1acZ expression in the CNS are found Wilson et al., 1989) . Many of these lines also carry a mutational phenotype. The preparation presented here will allow electrophysiological analysis of mu- K+ currents in acutely dissociated neurons Similar types of K+ currents were found in both regular and stained neurons in these acutely dissociated neurons. They can be classified into type 1 or 2 based on the time course of inactivation (Fig. 4) and the drug sensitivity (Fig. 8) . The type 1 current has relatively slow inactivation kinetics and is mainly sensitive to TEA. The type 2 current inactivates more rapidly and can be blocked by 4-Al? In addition to the transient components, both types of neuron express a drug-insensitive, noninactivating component (see Figs. 7, 8) . Sole and Aldrich (1988) have described three different types of K+ currents including A,, K,, and a sustained component in week old cultured larval neurons. Comparison of the kinetics and pharmacological properties suggests that the transient current from identified type 2 neurons may correspond to the A, current while the transient in identified type 1 neurons may be principally the Kr, current. The noninactivating components in these identified neurons appears similar to the sustained current. Thus, the type of K+ currents and their properties are very similar between acutely dissociated and week old neurons in the larval CNS culture.
There was no appreciable voltage-activated Na+ currents recorded from the soma of acutely dissociated larval CNS neurons. The same result has also been observed in week old cultured larval neurons (Sole and Aldrich, 1988) . In contrast, inward Na+ currents have been recorded in Drosophila embryonic and pupal neurons in culture (O'Dowd et al., 1989; Baker and Salkoff, 1990; Saito and Wu, 1991) .
Heterogeneity of K' currents in mushroom body neurons As indicated in Figures 4-7 , the current density, inactivation kinetics and voltage dependency of steady-state inactivation of K+ currents in identified mushroom body neurons exhibit a large range of variation. The variation is similar to that seen in recordings randomly obtained from the whole CNS population. This heterogeneity of K+ currents has been observed in larval (see Sole and Aldrich, 1988) , embryonic, and pupal CNS neurons (Baker and Salkoff, 1990; Saito and Wu, 1991) . Up to now, six genes encoding distinct K+ channel subunits have been cloned (Kamb et al., 1988; Pongs et al., 1988; Schwarz et al., 1988; Atkinson et al., 1991; Covarrubias et al., 1991; Warmke et al., 1991) . In addition, differential splicing of these genes and possible heteromultimeric assembly of distinct subunits into functional channels (Isacoff et al., 1990; McCormack et al., 1990) provide enormous potential for the formation of a diversity of K+ channels.
The complexity of K+ channels expressed has made it difficult for quantitative analysis of mutational effects in the CNS. One of the reasons for establishing this preparation is to enable us study a more homogenous group of K+ currents in this subpopulation of CNS neurons instead of the large variation observed. One potential approach for further imt current trace is recorded after a 30 set perfusion while the recovery current trace was recorded 120 set after ceasing perfusion of 8-bromo CAMP Since the volume of the perfusate, 8-bromo CAMP in saline, was so small that passive diffusion was adequate to observe the recovery.
Calibration: A, 250 pA, 50 msec; C, 40 pA, 50 msec. provement is to use enhancer-detector lines that express la& in an even more restricted subpopulation of neurons. However, the heterogeneity observed in identified mushroom body neurons may not simply reflect genetic diversity of K+ channels expressed in these neurons. Our preliminary observation indicates that some neuropeptides can modulate a type 1 current into a type 2-like current (Wright and Zhong, unpublished observation). It raises an intriguing idea that type 1 and type 2 currents might be conducted by the same group of K+ channels, but that these channels are modulated to a different extent in type 1 and type 2 neurons. This idea can be further pursued by genetic analysis of K+ channel subunits involved in type 1 and type 2 currents.
Although the kinetics and the voltage dependency of inactivation exhibit a range of variation within each type of K+ currents, both type 1 and type 2 currents subject to modulation by CAMP (see Fig. 9 ) or several neuropeptides (Wright and Zhong, unpublished observation) in a fairly consistent manner. All type 1 currents show a strongly CAMP-dependent modulation while only the transient component is slightly inhibited by CAMP in all type 2 currents. Thus, this preparation provides an opportunity for the genetic and pharmacological analyses of mechanisms underlying modulation of membrane currents in mushroom body neurons in spite of the variation observed in each type of K+ currents.
Modulation of K+ currents in mushroom body neurons
We demonstrated that the amplitude of type 1 and type 2 K' currents in identified neurons could be modulated by CAMP. It has been reported that the amplitude of a voltage-activated transient A-current and the open probability of a voltage-independent K+ channel in Drosophila larval muscle are increased by CAMP (Delgado et al., 1991; Zhong and Wu, 1993) . In Aplysia sensory neurons, an S-type K+ current is closed by CAMP-dependent phosphorylation (Kandel and Schwartz, 1982) . In addition, it is known that CAMP may modulate K+ channels by either directly binding to channels or by CAMP-dependent phosphorylation (Levitan, 1988) . A voltage independent K+ channel found in larval muscle is reported to be gated by direct CAMP binding (Delgado et al., 1991) . It remains to be determined what mechanism is used in the modulation of type 1 and type 2 currents in mushroom body neurons.
Mutants dnc and rut have been isolated based on their poor performance in associative learning (for review see Dudai, 1988) . The mutant larvae also show impaired learning and the dnc gene has also been shown to be expressed at a high level in the larval mushroom body (for review, see Davis, 1993) . However, the cellular function of this CAMP cascade or its targets has not been identified in mushroom body neurons. Modulation of a K+ current mediated by the CAMP cascade in Aplysia has been suggested as a key mechanism underlying synaptic facilitation which is considered as a cellular process involved in learning and memory (Kandel and Schwartz, 1982) :Since K+ currents in identified mushroom body neurons can be modulated by CAMP, it would be of great interest to investigate whether and how such modulation is altered in these mutants.
